Whole-plant hydraulic performance depends on the integrated function of trait complexes, such as embolism resistance, stomatal closure mechanisms, and root properties. The diversity of such traits produces a wide range of response strategies to both short-term variation of environmental conditions and long-term changes to climate and hydrological cycles. This study aims to assess the role of different emergent hydraulic trait combinations in trees' vulnerability to drought using a quantitative modelling framework. This modelling framework may be helpful in studying the influence of plant hydraulic traits independently. It will also be used to assess how different groups of traits interact to form viable hydraulic strategies in response to different environmental conditions. We use the advanced plant hydrodynamic model, finite-difference ecosystem-scale tree crown hydrodynamics model version 2, to resolve plant functional traits of roots, stems, and leaves and simulate the transpiration. We define a multidimensional hydraulic "strategy space" by considering a continuum of these traits to test the outcomes of different hypothetical strategies in response to environmental conditions as observed in Northern Michigan, USA. We evaluate the degree to which simulated trees suffer hydraulic failure due to cavitation or carbon deficiency in response to reduced stomatal conductance. Our results demonstrate how the relationship between plant hydraulic strategy and hydraulic safety margin emerges from trait combinations along different tissue levels. Our findings suggest that hydrodynamic models present an exciting new possibility to define and study plant traits and hydrodynamics. KEYWORDS carbon deficiency, hydraulic failure, plant hydrodynamic model, trait complexes, whole-plant strategy
hydraulic trait combinations in trees' vulnerability to drought using a quantitative modelling framework. This modelling framework may be helpful in studying the influence of plant hydraulic traits independently. It will also be used to assess how different groups of traits interact to form viable hydraulic strategies in response to different environmental conditions. We use the advanced plant hydrodynamic model, finite-difference ecosystem-scale tree crown hydrodynamics model version 2, to resolve plant functional traits of roots, stems, and leaves and simulate the transpiration. We define a multidimensional hydraulic "strategy space" by considering a continuum of these traits to test the outcomes of different hypothetical strategies in response to environmental conditions as observed in Northern Michigan, USA. We evaluate the degree to which simulated trees suffer hydraulic failure due to cavitation or carbon deficiency in response to reduced stomatal conductance. Our results demonstrate how the relationship between plant hydraulic strategy and hydraulic safety margin emerges from trait combinations along different tissue levels. Our findings suggest that hydrodynamic models present an exciting new possibility to define and study plant traits and hydrodynamics.
KEYWORDS carbon deficiency, hydraulic failure, plant hydrodynamic model, trait complexes, whole-plant strategy 1 | INTRODUCTION Stomata regulate gas exchange between leaves and the atmosphere, forming a dynamic control on biosphere-atmosphere fluxes. This control impacts the global carbon and water cycles (van der Molen et al., 2011; Williams et al., 2012) , as well as ecosystem function. The dynamics of stomatal conductance are affected externally by meteorological forcing, such as photosynthetic active radiation, wind speed, and vapour pressure deficit (VPD), and internally by leaf water potential, and chemical signals, such as abscisic acid. Leaf water potential is controlled by multiple structural and functional traits along the root-trunk-branch-leaf continuum of water transport (Matheny, Fiorella, et al., 2017; Sperry, Hacke, Oren, & Comstock, 2002; and is ultimately governed by water availability in the soil. The diversity of hydraulic traits in plants may produce a wide range of response strategies to both short-term (hourly to daily) variation of meteorological forcing and soil-water availability and long-term changes to climate and hydrological cycles that affect the availability of water at monthly and seasonal scales (Rogiers et al., 2012; Skelton, West, & Dawson, 2015; Will, Wilson, Zou, & Hennessey, 2013) .
Whole-plant hydraulic strategy emerges from an integration of trait complexes, such as stomatal closure mechanisms (Brodribb, McAdam, Jordan, & Martins, 2014) , leaf turgor regulation (Meinzer, Woodruff, Marias, McCulloh, & Sevanto, 2014) , embolism resistance and xylem anatomy (Choat et al., 2012; Linton, Sperry, & Williams, 1998; Ogasa, Miki, Murakami, & Yoshikawa, 2013; Willson, Manos, & Jackson, 2008) , and hydraulic architecture and root properties (Rogiers et al., 2012; Will et al., 2013) . Different trait complexes may lead to divergent dynamics of stomatal conductance, transpiration, carbon uptake, and stem-water storage even under similar environmental conditions (Binks et al., 2016; Ford, Hubbard, Kloeppel, & Vose, 2007; Garcia-Forner et al., 2016; Klein, 2014; Konings & Gentine, 2017; Martıńez-Vilalta, Piñol, & Beven, 2002; Matheny et al., 2014; Matheny, Bohrer, Garrity, Howard, & Vogel, 2015; Matheny, Fiorella, et al., 2017; McDowell et al., 2008) .
The isohydricity spectrum provides one axis along which hydraulic strategy is defined (Domec & Johnson, 2012; Jones, 1998; Klein, 2014; Larcher, 2003; Martínez-Vilalta, Poyatos, Aguadé, Retana, & Mencuccini, 2014; Meinzer et al., 2017; Tardieu & Simonneau, 1998; Thomsen et al., 2013) . Isohydric behaviour is characterized by the tendency of species to maintain a relatively constant leaf water potential.
Alternatively, anisohydric species allow leaf water potential to decline substantially during the day and during dry conditions. This emergent trait is controlled by the degrees of down-regulation of stomatal conductance when leaf water potential declines.
Xylem provides the pathway for water movement from roots to leaves. Structural properties of the xylem, such as conduit number and diameter, and pit membrane structure determine the hydraulic traits of xylem, including maximum conductivity, median cavitation pressure, and xylem capacitance Lens et al., 2011; Pockman & Sperry, 2000; Sperry et al., 2002) . Xylem hydraulic vulnerability can be described using the cavitation curve (Sperry, Nichols, Sullivan, & Eastlack, 1994) that presents the percent loss of conductivity (PLC) as a function of xylem water potential. For example, xylem with large-diameter vessels would result in higher maximum conductivity in well-hydrated conditions yet may have higher median cavitation pressure and with it greater cavitation vulnerability at a given intermediate water potential (Li, Sperry, Taneda, Bush, & Hacke, 2008; Pockman & Sperry, 2000; Sperry, 2004; . Xylem with small-diameter vessels may result in lower maximum conductivity but is more resistant to cavitation under waterlimited conditions (Hacke, Sperry, Pockman, Davis, & McCulloh, 2001; .
Roots-level traits also exert significant controls on the hydraulic pathway (Meinzer, 2002; Sperry et al., 2002) . Root branching structure, rooting depth, lateral extent, and root water-uptake efficiency regulate plant water status (Allen, 2009; Brooks, Barnard, Coulombe, & McDonnell, 2010; Canadell et al., 2007; Matheny, Fiorella, et al., 2017) . Rooting structure and extent primarily determine the fraction of soil water available for uptake. Deep or adventitiously rooted species have the potential to access soil water that most of the shallowrooted species cannot, which may increase drought tolerance (Ivanov et al., 2012; Matheny, Fiorella, et al., 2017; Miller, Chen, Rubin, Ma, & Baldocchi, 2010; Phillips & Ehleringer, 1995; Pinto et al., 2014; Rempe & Dietrich, 2018) .
Vegetation hydraulic function during periods of water limitation is based on a trade-off between water demand/loss (i.e., transpiration) and water supply and transport from the soil to the leaves. Following McDowell et al. (2008 McDowell et al. ( , 2013 , we divide the costs of water limitation into two types: (a) "Carbon deficiency" driven by reduced stomatal openness following stomatal conductance down-regulation as a response to low leaf water potentials. CO 2 limitation then acts to reduce photosynthesis and can result in carbon starvation. (b) "Hydraulic failure" as a result of hydraulic conductivity loss due to reduced xylem water content and cavitation. These definitions of the cost of water limitation are continuous and can result in very small reductions in photosynthesis and xylem conductivity under mild water limitations but can also result in mortality under prolonged drought.
Tolerance or avoidance of water-stress limitations are achieved through the coordination of xylem and root hydrodynamics, and stomatal regulation (Brodribb & McAdam, 2011; Choat et al., 2012; Sperry, 2000) . Therefore, the whole-plant hydraulic strategy integrates root, xylem, and leaf hydraulic traits (Maherali, Moura, Caldeira, Willson, & Jackson, 2006; Matheny, Fiorella, et al., 2017; Matheny, Mirfenderesgi, & Bohrer, 2017) .
Currently, land-surface and dynamic global vegetation models categorize vegetation into plant functional types (PFTs) based on leafshape characteristics, successional stage, phenology, and bioclimatic limits. These coarse classifications do not represent the diversity of thousands of plant species and have been shown to be a major source of error in simulating the water, carbon, and nitrogen cycles and eventually in estimating the surface energy balance (Matthes, Goring, Williams, & Dietze, 2016; Musavi et al., 2015; Ostle et al., 2009; Reich, Wright, & Lusk, 2007; Wullschleger et al., 2014; Yang, Zhu, Peng, Wang, & Chen, 2015) . Recently, there has been increased interest in trait-based modelling approaches that describe the vegetation hydrodynamics using observable functional traits, primarily to assess the vulnerability of species-rich communities to drought or other disturbance events (Anderegg et al., 2015; Brooks et al., 2010; Franks, Drake, & Froend, 2007; Fyllas et al., 2014; Garcia-Forner et al., 2016; Klein, 2014; Konings & Gentine, 2017; Martínez-Vilalta et al., 2014; Matheny, Fiorella, et al., 2017; McDowell et al., 2008; Meinzer et al., 2016; Miller et al., 2010; Musavi et al., 2015; Pappas, Fatichi, & Burlando, 2016; Pavlick, Drewry, Bohn, Reu, & Kleidon, 2013; Reichstein, Bahn, Mahecha, Kattge, & Baldocchi, 2014; Skelton et al., 2015; Yang et al., 2015) . These studies identify variation in hydraulic strategies using an explicit assessment of coordination among stomatal, xylem, and root traits. Functional traits are often well-related to environmental stress responses and have been adopted in plant ecology to explore various species' functional strategies and fitness (Choat et al., 2012; Kumagai & Porporato, 2012; Manzoni, Katul, & Porporato, 2014) . McDowell et al., 2013) . However, the development of appropriate trait-spaces and understanding their consequences for vegetation response requires analysis of hydraulic traits in response to a range of environmental conditions. In this study, we explore the possibility that functional trait complexes combine in specific and limited ways to form viable whole-plant hydraulic strategies. Understanding how hydraulic traits trade-off to form an emergent strategy could reduce the potential model trait space from hypothetically infinite to a tangible number of physically viable trait complexes.
The purpose of this study is to test plant responses to water supply limitations across a multidimensional parameter space that spans different combinations of hydraulic traits using the finite-difference ecosystem-scale tree crown hydrodynamics model version 2 (FETCH2) tree hydrodynamic model (Bohrer et al., 2005; Mirfenderesgi et al., 2016) . Simulation results are used to reduce the potential parametric trait space by identifying subregions (representing ranges of trait combinations) that are not viable, identifying trade-offs and covariations that define emergent hydraulic strategies. Our results could be used to recast the classic PFT definitions for hydraulic classification using parameters representative of observable traits.
| MATERIALS AND METHODS

| Model description
The FETCH2 (Bohrer et al., 2005; Mirfenderesgi et al., 2016) is a treelevel hydrodynamic model of transpiration and plant-water dynamics.
FETCH2 employs a finite difference numerical method and a singlebeam representation of trees to simulate water flow through the xylem. The model is vertically resolved and predicts transpiration and internal water potential at multiple layers throughout the tree.
Although highly simplified, this approach brings additional realism to the simulation of transpiration by linking stomatal responses to within-plant water potential, rather than linking it directly to soil moisture, as is currently the case in the majority of land-surface models.
FETCH2 can parametrically represent plant hydraulic traits, such as the degree of stomatal isohydricity, maximum xylem conductivity, and maximum and minimum stem water content through empirical functions within the model's formulation.
In this study, we use an enhanced version of FETCH2 that simulates bidirectional exchange of water between soil and root. A detailed description and formulation of the enhanced version of FETCH2 is presented in Data S1. Table A1 includes a list of all symbols and units of the variables and parameters, including those listed in the formulations of the FETCH2 model (Equations (1)- (9), below). Figure 1 provides a schematic representation of the enhanced model. FETCH2 resolves xylem water potential, both below-, Ф root (z, t), and above-ground, Ф stem (z, t). Water is assumed to move through active xylem similarly to porous media flow (Chuang, Oren, Bertozzi, Phillips, & Katul, 2006; Siau, 1983; Sperry, 2000; Sperry, Adler, Campbell, & Comstock, 1998) . The continuity equation was combined with a physical transport law applied to both root and stem segments, resulting in two nonlinear partial differential equations:
FIGURE 1 Schematic of FETCH2. Left: dynamics of water flow within the tree xylem (roots and stem), water exchange between soil and roots, and water exchange between leaves and atmosphere. Middle: FETCH2 simplified tree in a one-dimensional conduit system, including the aboveground vertical distribution of leaf area and below-ground root-mass distribution. Right: finite difference discretization of the soil and xylem to solve for soil, root, and stem water potentials, and forcing through nonhydraulically limited transpirational water sink. FETCH2: finite-difference ecosystem-scale tree crown hydrodynamics model version 2
where K root and K stem are below-and above-ground xylem conductivities, and C root and C stem are below-and above-ground xylem capacitances. ρ is water density, g is gravity, and ρg represents the specific weight of water. ∂EL root /∂z is the root water-uptake flux density (i.e., water flux per unit of length) source term (or sink in the event of hydraulic redistribution), ∂EL stem /∂z is the water-limited transpirational sink term. See details for the model description in Mirfenderesgi et al. (2016) .
The three sets of parameters used to represent plant traits in FETCH2 are
1. Leaf-traits parameters: This group of parameters determine the shape and sensitivity of the stomatal response to stem water potential. The tree level water-limited transpiration water sink is calculated as
where Φ 50,stomata is the water potential at which stomata will be 50% closed (i.e., the inflection point of stomata response to xylem pressure); c 3 is a shape parameter for the stomata closure response to reduced plant water potential. Together, these values effectively define the simulated tree's leaf hydraulic strategy along the isohydric-anisohydric continuum (Equation (3)). NHL stem (z,t) is the potential evaporative demand, referred to as nonhydrodynamically limited (NHL) transpiration. NHL is the transpiration estimated using the stomatal conductance as a function of atmospheric demand and photosynthetic capacity, while neglecting the soil water limitation effects on plants. Also, the time step difference between NHL stem and Ф represents the noninstantaneous stomata response to changes in the water potential (Mirfenderesgi et al., 2016) .
2. Stem xylem-traits parameters: Equation (4) is the relationship between loss of conductivity and reduction of xylem water potential, frequently referred to as the cavitation curve.
A stem,sap is the cross-sectional sapwood area within each vertical levels of an individual tree. k stem,max is the maximum conductance of saturated xylem, Φ 50,stem is the stem water potential at 50% loss of conductivity, and c 2,stem is the shape parameters of the cavitation curve. The relative water content, RWC stem , of the above-ground xylem can be calculated using
where ϕ stem,z50 and ϕ stem,z88 are xylem water potentials at 50% and 88% stem relative water content. The above-ground xylem vulnerability curve and water storage capacity are described by k stem,max , Φ 50, stem , c 2,stem , ϕ stem,z50 , and ϕ stem,z88 (defined in Equations (4) and (5)). These parameters are the consequence of specific xylem architectures (i.e., tracheids, diffuse-porous, or ring-porous xylem) and the interdependence of xylem conduits and storage tissues. The simulated safety margin by FETCH2 may be affected by including the capacitance term in the formulations (Meinzer, Johnson, Lachenbruch, McCulloh, & Woodruff, 2009 ).
3. Root-traits parameters: This set of parameters represent the cavitation vulnerability of below-ground root xylem (Equation (6)), root-water storage (Equation (7)), soil-to-root conductance (Equation (8)), and rooting depth and root mass vertical distribution within the rooting zone (Equation (9)).
where CAI root is the cross section area index of the root system, and K root,axe,max is the specific axial conductivity of the root system as measured on isolated roots (both terms are described in detail in Data S1). c 1,root and c 2,root are shape parameters of the root system vulnerability curve.
The relative water content, RWC root , of the below-ground xylem is calculated as
where ϕ root,z50 and ϕ root,z88 are xylem water potential at 50% and 88% root xylem relative water content.
where SAI root is the surface area index of the root, defined as the ratio of root surface area to the ground surface area. K s rad,root is specific radial hydraulic conductivity under saturated soil condition, and b s is an empirical parameter based on soil type as suggested by Clapp and Hornberger (1978) . Φ soil,sat is soil water potential at saturation.
The distribution of the root biomass is assumed to follow a logistic dose-response relation (Schenk & Jackson, 2002 ; Equation (9)).
where z 50 is the depth at which the cumulative fraction of root biomass above z ( F cum,root ) equals 0.5 and c is an empirical dimensionless shape parameter that can be determined from z 50 and z 95 .
| Reducing degrees of freedom in parameter space
To develop a framework that can test the sensitivity of plant response to hydraulic strategy according to whole-plant functional and physical traits, it is theoretically necessary to test the response along each axis represented by the potential range of each of the parameters that characterize the hydraulic traits and define strategies. Such an analysis, however, would be largely unfeasible. Therefore, we reduced the degrees of freedom along some of the potential parametric variation by fixing some traits to realistic, literature-reported values. To do so,
we used large datasets of observed trait values and leveraged observed trait covariance to define some trait values as empirical functions of others when significant correlations existed. Figure 2 illustrates the virtual parameter space for the stomatal response curve (Equation (3)) describing stomatal response to stem water potential. Stomatal regulation is governed to a large degree by leaf turgor Brodribb, Holbrook, Edwards, & Gutierrez, 2003) ; therefore, we use leaf water potential at 50% stomatal closure, Φ 50,stomata , to represent stomatal regulation. We fixed c 3 = 3, representing a rather sharp stomatal response (Figure 2a ).
FETCH2 was found to be relatively insensitive to c 3 , and specifically, the value of c 3 has a much smaller effect on the upper part of the curve, when stomata begin to close, than Φ 50,stomata . Fixing c 3 reduced the degrees of freedom from two-parameter description of stomatal response to a single variable parameter, Φ 50,stomata , ranging from −0.5 MPa (highly sensitive to leaf water potential) to −8 MPa (largely insensitive to leaf water potential).
The cavitation vulnerability curve (Equation (4)) is used to represent xylem hydraulic strategy (Tyree, 1988) . The most commonly used parameter derived from the cavitation curve is the water potential at 50% conductivity loss (Φ 50,stem ; Skelton et al., 2015) . Maximum conductivity of well-hydrated xylem (k stem,max ) is another observable hydraulic trait. Higher maximum conductivity reduces the impact of water stress and postpones xylem cavitation (Gentine, Guérin, Uriarte, McDowell, & Pockman, 2015) . Similarly, higher Ф 50,stem delays the onset of cavitation under water-stressed conditions. We used reported observations of these trait values from a collection of published hydraulic trait data, including water potential at 50% loss of conductivity and sapwood-specific conductivity (Kattge et al., 2011; Manzoni et al., 2013) and found a significant (P = 0.01) correlation between k stem,max and Ф 50,stem . We used this correlation to model k stem,max as an empirical function of Ф 50,stem (Figure 3 ). It is important to emphasize that by using this observed empirical relationship, we may be limiting the parameter space to a narrower realization than the natural potential. This is illustrated by the wide variation of observed maximum conductance around the empirical best-fit curve Similarly to the leaf equation (Figure 2a) , we fixed the shape parameter, c 2,stem = 3, as we found the response less sensitive to this variable. Thus, we effectively reduced the three-parameter description of the xylem conductivity to a single axis driven by variation in Ф 50,stem . Maherali, Pockman, and Jackson (2004) show that species vary considerably in Ф 50,stem, ranging from −0.18 MPa (highly cavitation vulnerable) to −14.1 MPa (highly cavitation resistant).
FIGURE 2
The virtual space of response curves describing leaf vulnerability to stem water potential-a virtual leaf trait. The mechanistic equation describing this response, Equation (3), has two parameters: c 3 and Ф 50,stomata , and their roles within the leaf response curve are illustrated in the left panel. The ranges for these parameters were selected according to values found in Cruiziat, Cochard, and Améglio (2002). In our simulations, Ф 50,stomata was allowed to vary between −0.5 and −8 MPa (colour-scale in right panel, dark blue for Ф 50,stomata = −0.5 MPa gradually changing to light yellow for Ф 50,stomata = −8 MPa). We fixed c 3 equal to 3 FIGURE 3 Correlation between maximum xylem conductance (k stem,max ) and water potential at 50% loss of conductivity (Ф 50,stem ).
We found a significant (P = 0.01, R 2 = 0.28) exponential relationship, k stem,max = 3.154 × exp(−2.08 Ф 50,stem )
Similar to its effect in the leaf response curves, the shape parameter of the cavitation curve (c 2,stem ) had a smaller effect on the loss of xylem conductivity than Ф 50,stem . We therefore chose c 2,stem = 3 and held it constant throughout the study. Experimental data defining the response of capacitance to declining xylem water content are rare.
Therefore, we did not include their effects in this study and set the values of −2.20 and −0.58 MPa, respectively for ϕ stem,z50 and ϕ stem , z88 (Mirfenderesgi et al., 2016) . We focus this study on the above-ground plant hydrology.
Though root traits and strategies can be very complex and strongly influence vegetation fitness, their effects are strongly dependent of the soil texture, soil depth, and local water content dynamic and heterogeneity (e.g., Couvreur, Vanderborght, & Javaux, 2012; He et al., 2013; Ivanov et al., 2010; and Vrugt, Hopmans, & Šimunek, 2001 ).
The study of these traits was not within the scope of the present effort. We choose to simplify the complexity of root strategies and . We simulated two arbitrary rooting depth profiles: shallow (depth = 50 cm) and deep (depth = 300 cm). We chose two arbitrary vertical rooting profiles (Equation (9)) with identical shape parameters (c) for both cases (Figure 4 ). All remaining root parameters were held constant (Table A1 ).
| Quantifying the cost of hydraulic stress
Percent loss of xylem conductivity (PLC x , Equation (10)) is a metric of the cost of water limitations to the conductive system.
where LAD is the vertical leaf area density. We calculate the percent loss of stomatal conductivity (PLC s , Equation (11)) as a metric of the cost of leaf-level stomatal regulation of hydraulic limitations.
We used PLC x and PLC s to quantify hydraulic failure (McDowell et al., 2013) .
| Quantifying the safety-efficiency trade-off
The safety-efficiency trade-off is frequently quantified through the hydraulic safety margin, defined as the distance between minimum water potential during drought and critical cavitation level (Manzoni et al., 2013; Meinzer et al., 2009 ). We estimated the safety margin in xylem by comparing the xylem water potential at 50% loss of xylem conductivity (Ф 50,stem ) with the minimum water potential that xylem experiences (Sperry, 2000) . Based on this definition, the xylem safety margin increases with the decrease in the diurnal drop in water potential and hydraulic conductivity (Gentine et al., 2015) . 
| Classification of "wet," "intermediate," and "dry" days
This study is a virtual sensitivity experiment and, as such, does not simulate any specific plant in any specific site. However, meteorological and soil moisture forcing are composed of multiple variables that covary in daily and seasonal patterns. To ensure these are prescribed in the simulations in a realistic manner, we define simulation forcing using observed meteorology, soil moisture, and tree hydrology collected from the University of Michigan Biological Station (UMBS) located in northern lower Michigan, USA (N 45°33′ 35″, W 84°42′ 48″). Annual average temperature for UMBS is 6.8°C, and mean annual precipitation is 805 mm (Matheny et al., 2014) . Soil is characterized as well drained Haplorthods of the Rubicon, Blue Lake, or
Cheboygan series and consists of 92.2% sand, 6.5% silt, and 0.6% clay (Nave et al., 2011) . The study site is dominated by declining early successional species Populus grandidentata and Betula papyrifera, with midsuccessional species Acer rubrum, Quercus rubra, Pinus strobus, Fagus grandifolia, and Acer saccharum in increasing abundance.
Average stem density of trees with diameter at breast height larger than 8 cm is~750 trees/ha, and the mean peak growing season leaf area index (LAI) is~3.9 m 2 m −2
. We used these average characteristics in our choice for a virtual experimental tree in all our simulation sets.
FIGURE 4
Vertical profile of root cross-sectional area index for deep roots over 300 cm (black line). Vertical profile of root cross-sectional area index for shallow roots over 50 cm soil depth (red line). The root cross-sectional area index is defined as the total cross-sectional area of roots per unit ground area measured at each layer of the soil Methods for meteorological observations and evapotranspiration measurements at the UMBS site are described in detail by Gough et al. (2013) and Matheny et al. (2014) . Half-hourly meteorological and eddy flux data are available through the Ameriflux database (http://ameriflux.lbl.gov/), site-ID US-UMB (Gough, Bohrer, & Curtis, 1999 He et al., 2013) . Roughly 95% of the fine-root biomass is located in the top 80 cm of the soil depth .
We used a combination of VPD and SWC to define criteria for three stereotypical days, representative of dry, intermediate, and wet conditions. We performed our simulations using the meteorological observations from these selected days looped over each simulation's 9-day period. Representative days were selected from the observations collected during the summer (June 1st to August 31th) of 2013. The SWC at the top three observation depths (5, 15, and 30 cm) was then averaged to estimate the shallow SWC, and the deeper SWC was calculated by taking an average of the measurements at depths of 100, 200, and 300 cm. SWC measurements were converted to soil water potential using the Van Genuchten (1980) hydraulic parameterization and UMBS site-specific parameters Matheny et al., 2014) .
We plotted the maximum daily VPD with respect to the mean daily soil water potential for shallow soils (Figure 5a ). We excluded days with total daily precipitation higher than 2 mm as the intradaily variation of both VPD and soil water potential was large during these days. We found a significant correlation between maximum daily VPD and mean daily soil water potential at shallow depths. We further restricted our search to days when the observed VPD and shallow soil water potential fell close to both mean regression lines (Figure 5b ).
Among these few days, we selected 3 days having low, intermediate, After categorizing days into water availability classes, we took an average of the atmospheric and soil observations across all the days in each category to create three "stereotypical" days representing each of the three moisture conditions. The corresponding vertical profile of soil water potential over the 3-m soil layer is depicted in Figure 6 for the three conditions. To run the model, we created a synthetic 9-day long simulation period for each stereotypical condition, over which atmospheric forcing was recycled daily. This period is sufficient for the model to reflect the plant response to short-term water limitations as reflected in changes to transpiration and tree-water storage. We also created three different initial soil water potential profiles based on the realistic range of the water potential ( Figure 6 ). For each environmental condition, we used the corresponding soil water potential profiles ( Figure 6) to initialize the below-ground portion of the model, with a constant slow mean drying rate of 0.67 MPa per day.
We used FETCH2 to simulate the transpiration from a hypothetical 19-m tall tree using stereotypical forcing conditions generated based on observations of wet, intermediate, and dry days observed at UMBS. We spanned a parametric space representative of key traits (Φ 50,stomata , Φ 50,stem , and rooting depth). We used the PLC s score (Equation (11) Because Ф 50,stomata and Ф 50,stem are associated with carbon deficiency and hydraulic failure, respectively, virtual trees with more risk-averse xylem strategies were represented through less negative values of Ф 50,stem . A higher (less negative) which indicates that the xylem is more sensitive to cavitation. Based on the data presented in Figure 3 , more sensitive xylem has higher maximum conductance. A risk-averse leaf strategy was represented through less negative We found that under all three environmental conditions, the riskaverse leaf strategies (less negative Ф 50,stomata ) led to higher costs due to carbon deficiency (Figure 8a-f) . Previous studies have also supported the idea that carbon deficiency is initiated by stomatal closure (Breshears et al., 2009; Martıńez-Vilalta et al., 2002; McDowell et al., 2008; Pedersen, 1998; Skelton et al., 2015) . However, a risk-averse leaf strategy prevents excessive xylem cavitation even during dry periods, particularly for trees with mildly risk-prone xylem strategy (Figure 8a -f). Our results support McDowell et al. (2013) in that species with risk prone leaf strategies are more likely to suffer severe hydraulic failure during severe drought, whereas species with riskaverse leaf strategy are more prone to carbon deficiency during a period of mild water limitation due to the early closure of their stomata, which could result in carbon deficiency after a prolonged period.
The overall response of trees with risk-prone leaf strategies to environmental conditions depended largely on xylem traits. When combined with cavitation sensitive xylem (Ф 50,stem > −1.25 MPa), a Stomata integrate the environmental and hydraulic signals external and internal to the plant including the xylem flow pathway from the roots to the guard cells . Using a simple plant hydraulic model, Manzoni et al. (2014) showed that the coordination among plant hydraulic traits results in an increased resilience to environmental stresses. For example, deep roots in anisohydric species make them less vulnerable to hydraulic failure, whereas the impact of deeper roots on carbon deficiency is only marginal (Figure 8b,d,f) . This trade-off could promote the combination of anisohydric stomatal regulation and deep roots (Burns & Honkala, 1990; Miller et al., 2010; .
We used the daily variability of integrated plant water potential to quantify the emergent whole-plant hydraulic strategy following Franks et al.'s (2007) definition for the characterization of a continuous isohydrodynamic strategy. When defined through the fluctuations of water potential, the degree of isohydricity is an emergent property directly governed by leaf and xylem traits. Higher daily water potential variability is expected under dry conditions as compared with wet conditions, among anisohydric plants. Under a specific environmental condition, the effective degree of isohydricity is not only influenced by the traits controlling leaf sensitivity to the change in water potential but it is also influenced by the xylem and root traits controlling the water availability to the leaf. We found that for less cavitationvulnerable xylem (Ф 50,stem < −2.5 MPa), only the leaf trait (Ф 50,stomata )
primarily controls the plant's degree of isohydricity ( Figure 9 ). However, with sufficiently large Ф 50,stem (>−2.5 MPa) and especially under dry conditions, xylem sensitivity begins to dominate the emergent tree-level hydraulic response (Figure 9 , dry). Under wet conditions, both xylem and leaf traits play a significant role in water regulation FIGURE 8 Continuum of plant responses to different wet, intermediate, and dry conditions considering either a deep (right side) or shallow (left side) root strategy and a continuous range of xylem and stomatal traits, defined through Ф 50,stem and Ф 50,stomata . PLC s is the PLC of leaf stomata (Equation (11)). The hashed areas are related to the areas under which plants experience more than 50% xylem loss of conductivity (PLC x , Equation (10)) as compared with dry conditions (Figure 9 , wet). Under both conditions, the most anisohydric plants are characterized by a trait combination of sensitive xylem and insensitive stomata.
As suggested by Skelton et al. (2015) , we quantified the safety margin for stomatal regulation by calculating the difference between the water potential at 88% stomatal closure and the water potential at 50% loss of conductivity (Ф 88,stomata-Ф 50,stem ). This safety margin can be used as a proxy for representing the degree of isohydricity for a plant tions shows that anisohydry is riskier under dry conditions. It was observed that isohydric species tend to have larger xylem safety margins, whereas more anisohydric species tend to have smaller (or negative) xylem safety margin (Brodribb & Holbrook, 2004; Choat et al., 2012; McDowell et al., 2008; Meinzer et al., 2009 ). Our virtual experiment suggests that this trade-off between the degree of isohydricity and xylem safety margin is not driven by evolutionary constrains but arises based on hydrological constrains from the interactions between stomata and xylem function. Furthermore, our experiment provides insight into the relationships between the emergent tree-level hydraulic strategy of the degree of isohydricity and the xylem safety margin. Such relationships were recently observed by Skelton et al. (2015) . Our results suggest that this observed trade-off between anisohydry and safety is an emergent physical outcome of the combined effect of leaf and stem hydrodynamics ( Figure 10 ) and not necessarily driven by an evolutionary selective trade-off.
| CONCLUSIONS
We conducted a sensitivity analysis of hypothetical hydraulic traits using the FETCH2 modelling framework (Mirfenderesgi et al., 2016) FIGURE 9 Maximum variation in the daily xylem water potential under two extreme environmental conditions (dry and wet), and a continuous range of xylem and stomatal traits, defined through Ф 50 , stem and Ф 50,stomata FIGURE 10 Finite-difference ecosystem-scale tree crown hydrodynamics model version 2 simulations show that the plant safety margin, (Ф 88,stomata − Ф 50,stem ), defined as the degree of isohydricity, changes with the xylem hydraulic safety margin (Ф min,stem − Ф 50,stem )
based on a continuum of hydraulic traits at the leaf, stem, and root levels used to define emergent whole-plant hydraulic strategies. These traits are essential in determining the plant strategy under different environmental conditions. However, understanding the overall hydraulic strategy of plants cannot be fully achieved without considering the interdependence of these traits, operating as trait complexes.
Predicting vegetation responses based solely on one of these traits can be misleading and give an unrealistic insight to whole-plant mechanisms of survival and mortality.
Using a set of virtual sensitivity analysis simulations, we demonstrate how the relationship between plant behaviour at the isohydric-anisohydric continuum and hydraulic safety margin emerges from the tree-level outcomes of the trade-offs between traits at different physiological levels (leaf and xylem). Our simulations predicted that a more risk-prone leaf strategy combined with a risk-adverse xylem trait may expose plants to the risk of hydraulic failure due to declining Ф stem during periods of low soil moisture and high VPD.
However, if this strategy is coupled with deep roots, the plant is less likely to experience water stress even during periods of low soil water availability and high evaporative demand. Alternatively, a risk-averse leaf strategy coupled with shallow roots may increase the risk of carbon deficiency, specifically under extended periods of drought. This illustrates the importance of considering coordination between stomatal, xylem, and rooting traits in analyses of tree response to environmental conditions.
We show that emergent tree-level properties, such as the degree of isohydricity combine plant traits with their response to variable environmental conditions, and thus vary as a function of the environmental conditions. This environmental dependency makes emergent tree-level traits less suitable as defining characteristics to hydrological
PFTs. Finally, we suggest that replacing the current empirical link between soil moisture and stomatal conductance in land-surface and ecosystem models could be replaced by more physically and structurally realistic plant hydrodynamics submodels, such as FETCH2.
Although such models typically include many parameters, the added degrees of freedom can be reduced by considering observed trait values, empirical relationships between traits, and by defining hydrological PFTs that share specific sets of coordinated trait complexes.
Effective large-scale plant hydrodynamic simulations may have a substantial impact on the prediction of ecosystem response to drought and other changes associated with climate or canopy structure. This could, in turn, improve the prediction of the terrestrial surface energy budget and global carbon and water cycles. 
